The ABC toxin complexes produced by certain bacteria are of interest owing to their potent insecticidal activity 1,2 and potential role in human disease 3 . These complexes comprise at least three proteins (A, B and C), which must assemble to be fully toxic 4 . The carboxyterminal region of the C protein is the main cytotoxic component 5 , and is poorly conserved between different toxin complexes. A general model of action has been proposed, in which the toxin complex binds to the cell surface via the A protein, is endocytosed, and subsequently forms a pH-triggered channel, allowing the translocation of C into the cytoplasm, where it can cause cytoskeletal disruption in both insect and mammalian cells 5 . Toxin complexes have been visualized using single-particle electron microscopy 6, 7 , but no highresolution structures of the components are available, and the role of the B protein in the mechanism of toxicity remains unknown. Here we report the three-dimensional structure of the complex formed between the B and C proteins, determined to 2.5 Å by X-ray crystallography. These proteins assemble to form an unprecedented, large hollow structure that encapsulates and sequesters the cytotoxic, C-terminal region of the C protein like the shell of an egg. The shell is decorated on one end by a b-propeller domain, which mediates attachment of the B-C heterodimer to the A protein in the native complex. The structure reveals how C auto-proteolyses when folded in complex with B. The C protein is the first example, to our knowledge, of a structure that contains rearrangement hotspot (RHS) repeats 8 , and illustrates a marked structural architecture that is probably conserved across both this widely distributed bacterial protein family and the related eukaryotic tyrosine-aspartate (YD)-repeatcontaining protein family, which includes the teneurins 9 . The structure provides the first clues about the function of these protein repeat families, and suggests a generic mechanism for protein encapsulation and delivery.
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ABC toxins were first identified, and have been best characterized, in the bacterium Photorhabdus luminescens 1 . However, the entomopathogenic bacterium Yersinia entomophaga contains a related toxin complex locus that includes an A component encoded by two openreading frames (ORFs) (yenA1 and yenA2), a single B gene (yenB) and two C genes (yenC1 and yenC2) 10 , the products of which associate independently with the A and B proteins, giving rise to two toxin complexes from one genetic locus. The C proteins of this and other ABC toxin complexes are similar to the 'polymorphic toxins' described previously 11 as they have a conserved RHS-repeat-containing aminoterminal region and a variable C-terminal region 10 . The C-terminal regions (CTRs) of the Y. entomophaga C proteins are predicted to have different toxic activities: the C1 CTR is homologous to cytotoxic necrotising factor 1 (CNF1) from Escherichia coli 12 , whereas the C2 CTR is homologous to the deaminase YwqJ from Bacillus subtilis 13 . As in related complexes 3 , when the B subunit is co-expressed with either of the C subunits, C is cleaved at the boundary between the conserved N-terminal region and the variable C-terminal region, and both proteolysed fragments remain tightly associated with B.
To understand the role of B proteins in toxin complex activity, we prepared the complex of the Y. entomophaga B subunit (167 kilodaltons (kDa)) with the conserved 76-kDa N-terminal region (NTR) of the C2 subunit (C NTR ; see Methods for details of complex preparation) and determined its structure using X-ray crystallography (Supplementary Table 1 ). The structure reveals that the B and C NTR proteins fold cooperatively, assembling a remarkable, intimately associated heterodimer that forms a large, hollow shell ( Fig. 1a-c ). An immediately notable feature is the single, long b-sheet, consisting of 76 b-strands derived from both proteins, that constitutes most of the shell structure. The shell is completed by 14 b-strands from a second b-sheet contributed by the C NTR , bringing the total number of b-strands that wrap around what is a substantial central cavity to 90 (Fig. 1b, c and Supplementary Fig. 1 ). The C terminus of the B protein is in close proximity to the N terminus of the C protein ( Supplementary Fig. 2 ), suggesting that the two proteins could be produced as a single polypeptide. Evidence in support of this can be found in the bacterium Burkholderia rhizoxinica, in which a single ORF (tcdB2) encodes an apparent B-C fusion protein (Supplementary Fig. 3 ).
The central cavity is a solvent-accessible space approximately 42 Å wide and 87 Å long, with a total enclosed volume of roughly 59,000 Å 3 . The shell is closed at both ends. The B end is occluded by a b-propeller domain inserted into the loop between strands b29 and b51. The C end is sealed by a conserved sequence defined as the 'RHS repeat-associated core domain' (TIGRFAM accession TIGR03696), which forms another short strip of b-sheet (strands b45-b49) that spirals inwards, forming a plug. The overall shape of the complex is reminiscent of a cylindrical cannister, inside of which lies the C-terminal end of C NTR (that is, the cleavage site between the two portions of C). It therefore seems likely that in the complete B-C complex, the C CTR is encapsulated within the shell. This proposal is supported by small-angle X-ray scattering data, which are consistent with a hollow spheroid for the B-C NTR complex, but with a solid spheroid for the complete B-C complex (Supplementary Figs 4-6 and Supplementary Tables 2-5). This explains how the CTRs of C proteins remain tightly associated with the complex after auto-proteolysis, despite the absence of any covalent linkage between the proteins. In broader terms, it also explains how generally cytotoxic proteins encoded by the CTRs of C proteins, such as deaminases and proteases, can be safely expressed without causing damage to the producing cell. A plausible explanation supported by this structure would be that the toxic load remains sequestered until exposure to a change in pH triggers its release 5 ( Fig. 2a) . The amino acids immediately preceding the cleavage site in C are clearly visible in the electron density, allowing us to suggest a mechanism of auto-proteolysis. We propose that two conserved aspartate residues (Asp 663 and Asp 686), positioned either side of the last residue before cleavage (Met 690), form the catalytic site for proteolysis (Fig. 2b) . In our structure, they are too far apart (6.5 Å between carboxyl oxygens) to form the canonical aspartic protease arrangement, but these residues may adopt a slightly different conformation in the pre-cleavage state. To test their role, we made point mutations that replaced them with asparagines (Asp663Asn and Asp686Asn). Mutation of either residue, or of the highly conserved arginine residue (Arg 650) that is adjacent to Asp 663, completely abolished auto-proteolytic activity (Fig. 2c) . These residues are highly conserved in the RHS repeat-associated core domain sequence (InterPro IPR022385; Supplementary Fig. 7 ) that is also present in all other known C proteins, including those from P. luminescens. Our structure shows that this domain, which is widely distributed across the archaea, bacteria and eukaryota 14 , is a cryptic aspartic protease.
RHS repeats themselves (Pfam PF05593) are present in many polymorphic toxin complexes that are found across a diverse range of bacterial species, but they are structurally uncharacterized. The structure of the C NTR represents the first example, to our knowledge, of a protein structure containing RHS repeats. Individual RHS-repeat-containing proteins can vary in size, and whereas the overall sequence conservation across the family is low, a consensus sequence for the RHS repeat itself has previously been defined: GXXXRYXYDXXGRL(I/T) 15 . When this is mapped onto the structure of C NTR ( Fig. 3 and Supplementary Fig. 8 ), it is clear that each RHS repeat corresponds to a single strand-turnstrand motif, many copies of which make up the extended b-sheet of the shell. Although the initial glycine is not especially well conserved, it marks the loop facing the C end of the shell. The central DXXGR motif (coloured green and blue in Fig. 3) creates the hairpin facing the B end, with the aspartic acid hydrogen-bonding to the backbone amides of the glycine and adjacent arginine. This glycine is largely conserved, but the aspartic acid can be replaced by a glutamic acid, threonine or serine residue, and typically the interactions formed remain the same. The YXY motif (coloured magenta in Fig. 3 ) places the two tyrosine side chains inside the shell where they sit parallel to each other. Hydrophobic amino acids at the C-terminal end of the repeat (coloured yellow in Fig. 3 ) also lie inside the shell on alternating b-strands. Together with the tyrosines, they form a continuous stripe along the internal face of the b-sheet that is largely hydrophobic in character.
The RHS structural motif is also present in the structure of the B subunit, albeit with less sequence conservation than that found in the C 
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the RHS repeats than the C sequence, which makes identifying the RHS pattern difficult by sequence conservation alone. However, inspection of the structure reveals many examples of DXXG turns, as well as tyrosine or phenylalanine side chains arranged in an equivalent fashion. Using this structural conservation as a guide, we were able to produce a refined consensus sequence for the RHS repeat (Supplementary Fig. 9a ) and show that the pattern of conservation is identical to that seen in YD repeats (TIGRFAM TIGR01643; Supplementary  Fig. 9b ). YD repeats are found in many bacterial and eukaryotic proteins, notably in the extracellular domains of teneurin proteins, which are developmental signalling proteins conserved from flies to mammals and required for synaptic partner matching 16, 17 . We propose that RHS and YD repeats represent the same conserved structural motif that will always give rise to an extended b-sheet, forming a similar shell structure to that seen here. Support for this proposal can be found in previous low-resolution electron microscopy images of the extracellular domains of mouse teneurin, which revealed globular domains of similar dimensions to the B-C NTR complex 18 . We predict that the YD-repeatcontaining domains of eukaryotic teneurins will encapsulate their C-terminal regions, the teneurin C-terminal associated peptides (TCAPs), which are known to be active extracellular signalling components in mice 19, 20 . Previous visualization of complete ABC toxin complexes from Y. entomophaga 6 and P. luminescens 7 using electron microscopy singleparticle analysis has shown that the B-C complex sits in the vestibule of the channel-forming domain of A, positioned at the end of the toxin complex furthest from the membrane. The overall shape of the B-C NTR dimer described here is consistent with the density seen in these studies 6, 7 , and cross-correlation of the B-C NTR crystal structure with averaged electron microscopy projections of the Y. entomophaga toxin complex (Yen-Tc) unambiguously identified the five-bladed b-propeller domain of B as the point of interaction with the A pentamer (Fig. 4a) . In Yen-Tc, in which the A component is encoded by two separate ORFs, this represents an interaction with YenA2. This enables us to model a complete ABC toxin complex for the first time (Fig. 4b, c) , to our knowledge, by docking the B-C NTR complex and both associated chitinase enzymes 21 , Chi1 and Chi2, into the previously determined 17 Å electron microscopy structure of the Y. entomophaga A pentamer 6 . A recent electron microscopy study on the P. luminescens ABC toxin complex 7 has revealed the first insights into the mechanism by which toxin complexes alter their structure after interaction with lipid bilayers, allowing for injection of their toxic load through the endosomal membrane. We therefore propose a general model for the mechanism of ABC toxin complexes, on the basis of work described previously 7 and presented here, in which the C-terminal region of C is translocated through a transmembrane pore formed by A, whereas the B and C NTR proteins remain attached to the toxin complex ( Supplementary  Fig. 10 ). It remains unclear whether the cytotoxic C CTR is encapsulated in a folded or unfolded state within the B-C NTR shell, but the central cavity is large enough to contain it when folded ( Supplementary Fig. 11 ). The overall architecture of the B-C NTR shell, with its conserved RHS repeats producing an interior hydrophobic pattern of tyrosine, leucine and isoleucine residues, is reminiscent of the protein chaperone GroEL 22 . It is therefore tempting to speculate that the function of the B-C shell, and of RHS-and YD-repeat proteins more generally, may be to encapsulate unfolded proteins. There is support for this idea in the observation that many polymorphic toxins have predicted proteases as their toxic components, which would need to be contained in an inactive state to prevent proteolysis of the shell itself 11 . As the pore formed by the A subunit has not yet been visualized in an active conformation, it remains unknown whether the translocating conformation of the toxin contains an open pore wide enough to allow the passage of the folded protein.
Whether it is folded or not, release of the encapsulated C CTR from the B-C NTR shell requires a conformational change in the latter, as there are no gaps in the structure large enough for a polypeptide to pass though. Inspection of the structure suggests that two possibilities exist: the b-propeller blades could separate, allowing extrusion of an unfolded polypeptide through the middle of the propeller, or the propeller domain could swing aside, hinged on the b29/b30 and b50/b51 loops that form the only covalent connections between the b-propeller and the main body of the shell. Either mechanism is likely to be dependent on both the pH-driven release mentioned previously (Fig. 2a ) and mechanical interactions with the A component of the toxin. Further studies are required to establish the full details of the toxin release process.
In summary, the structure of the B-C NTR complex presented here reveals how the cytotoxic C proteins of ABC-type toxin complexes are processed and protected, demonstrates the function of the B protein within the complex and provides a framework for further experiments to build a complete mechanistic model of action for this class of toxins. More broadly, it also illuminates the function of the widely distributed RHS-and YD-repeat families of proteins, which had until now been unknown.
METHODS SUMMARY
The B-C NTR protein complex was obtained by co-expression of the Y. entomophaga B and C2 subunits in E. coli, followed by Ni-affinity and size-exclusion chromatography and finally dialysis of B-C2 against acetate buffer at pH 4.5. B-C NTR was separated from the precipitated C2 CTR fragment by filtration and further size-exclusion chromatography. Crystallization of B-C NTR was carried out by hanging-drop vapour diffusion with microseeding in drops containing 18% (w/v) PEG 3350, 0.15 M KH 2 PO 4 , pH 4.8. X-ray diffraction data were collected to a resolution of 2.5 Å at beamline MX2 at the Australian Synchrotron using the BlueIce data collection software 23 , integrated using XDS 24 and scaled and merged using Aimless 25 . Phasing was accomplished using SAD from a combination of Ta 6 Br 12 -soaked and selenomethionine-substituted crystals [25] [26] [27] . Structure refinement and analysis was performed using Phenix 28 . Electron microscopy of negatively stained Yen-Tc complexes is described elsewhere 6 . Diagrams were produced using a b 90º c Figure 4 | Position of the B-C NTR complex in the complete Yen-Tc particle. a, Averaged projection images obtained by negative stain electron microscopy reveal the structural conformation of the B-C complex in the context of the Yen-Tc particle. Particle projection images of Yen-Tc were aligned (left-hand box) and then masked using the region of the particle delineated by the dashed box. Class averages of the B-C complex were obtained following a further phase of classification and alignment. A representative class average is shown (righthand box) cross-correlated with the B-C NTR crystal structure, the latter shown as a ribbon diagram with the same colour scheme as Fig. 1a . b, c, Orthogonal views of the complete Yen-Tc particle. The associated chitinases Chi1 (ref. 21) and Chi2 (Protein Data Bank (PDB) accession 4DWS) are shown as orange and yellow ribbon diagrams, respectively. The electron microscopy map of the A-Chi1-Chi2 complex determined at a resolution of 17 Å by single particle analysis 6 is shown in grey.
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PyMOL (The PyMOL Molecular Graphics System, version 1.3rl, Schrödinger, LLC) and Chimera
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Other procedures are described in full in the Methods.
Full Methods and any associated references are available in the online version of the paper.
